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Abstract 



Phase structure of rapidly quenched solid helium samples is studied by the NMR technique. 



The pulse NMR method is used for measurements of spin-lattice T\ and spin-spin T2 relaxation 
times and spin diffusion coefficient D for all coexisting phases. It was found that quenched sam- 
ples are two-phase systems consisting of the hep matrix and some inclusions which are charac- 
terized by D and T2 values close to those in liquid phase. Such liquid-like inclusions undergo a 
spontaneous transition to a new state with anomalously short T2 times. It is found that inclusions 
rJ-« \ observed in both the states disappear on careful annealing near the melting curve. It is assumed 

that the liquid-like inclusions transform into a new state — a glass or a crystal with a large number 
of dislocations. These disordered inclusions may be responsible for the anomalous phenomena 
observed in supersolid region. 

(N' 

en : 1 Introduction 

in 

The search for the supersolid state in solid helium has recently led to the detection of an anomalous 



j-^. . behavior first in torsional experiments [1] and then in investigations of elastic properties [2], specific 
heat [3], and mass transfer [4]. Although the effects observed are still waiting for a consistent expla- 
nation, the anomalies are most often credited to some type of disorder that can developed in a solid. 
For example, these maybe a system of dislocations, grain boundaries, liquid inclusions or a disordered 
(glassy) phase. To understand the phenomenon of supersolid, it is fundamentally important to clear 
up the conditions creating a disorder in solid helium and the properties of the appearing disordered 
phase. 

Much research has been carried out alongthis line employing various theoretical and experimental 
methods. The Monte-Carlo simulations D5ilaLZD support the view that the supersolid state is impos- 
sible in a perfect hep crystal of 4 He. However, the signs of a disordered glassy phase were detected 
in torsion experiments investigating the relaxation dynamics tf8|,|9|]. A large contribution of a disor- 



dered (glassy) phase to the pressure of He crystals grown on fast cooling fl lQfl and samples deformed 



in situ llllll was registered by precise barometry. The contribution of a glassy phase to the properties 
of solid helium was calculated in Refs. [12, LL3J]. Interesting information was derived from visual 
observation of the disorder in solid 4 He Ill4ll : the samples grown by the blocking capillary method 
were polycrystals with grains of micrometer size and the liquid phase may well exist at the grain 
boundaries. 
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Much information about the phase composition of a sample can be obtained by the method of 
nuclear magnetic resonance (NMR). For example, the investigations of spin diffusion in a region of 
a bcc-hcp transition [15] revealed an additional diffusive process in a sample in which both crystal- 
lographic phases coexisted. The process is characterized by high diffusion coefficients and indicated 
that liquid-like inclusions can form in the sample in the course of the bcc-hcp transition. Later the 
presence of such inclusions in pure 4 He and a dilute 3 He- 4 He solid mixtures was confirmed by precise 



pressure measurements [16]. The subsequent NMR investigations of the hep phase [17] showed that 
regions with high diffusion coefficients appeared readily in fast-grown single-phase samples. It was 
found that in addition to the high diffusion coefficient, the inclusion had such spin-spin relaxation 
times which are inherent in the liquid phase 111811 . The detected liquid-like inclusions disappeared 
after thorough annealing. 



This study, which is a continuation of the previous NMR experiments [17, 18], is concentrated 
on a detailed investigation of the revealed non-equilibrium phase. It is focused on identification of 
coexisting phases rather than the study of kinetics of the occurring processes. 

Since NMR measurements in helium are usually made on 3 He nuclei having a non-zero magnetic 
moment, a 4 He crystal for this investigation must contain a certain amount of the 3 He impurity so 
that technique used could be efficient. It is especially important for measurements in the region of 
supersolid effects (below ~300 mK) because the anomalies in question are sensitive even to low con- 
centration of the 3 He impurity. That is why the NMR experiments performed at very low temperatures 
11191. |20L 12111 could furnish important information about the state of 3 He in the supersolid region. 

These NMR measurements were made at high temperatures (above ^1.3 K) to pursue another 
objective: to use 3 He atoms as probes for identifying and investigating the metastable (disordered) 
phase in solid helium. 

2 Experimental Technique 

The experimental cell used for NMR measurements in solid helium is shown schematically in Fig.Q] 
The cell cavity (1) in a form of a cylinder 16 mm long and 8 mm in diameter was filled with helium. 
NMR coil (2) was wound in the inner surface of the cavity (sample). Straty-Adams pressure gauges 
(3) of ±5 — 10 mbar resolution was fixed at the cylinder ends. They were separated from the cylinder 
cavity with specially designed fluoroplastic displacers (4) to reduce edge effects on the NMR signal. 
The filling capillary (5) of the cell was made of stainless steel, its inner diameter being 0. 1 mm. It was 
thermally connected to a lK-pot to apply the blocking capillary method of growing solid helium sam- 
ples. A resistance thermometer was mounted on the copper body (6) of the cell to measure the sample 
temperature (it had an accuracy of ±5 mK and a sensitivity of ±1 mK). The thermo stabilizing system 
(heater and thermometer) attached in the upper part of a copper cooling finger (7) ensured temperature 
stabilization within ±1 mK. The systems of thermometry, thermostabilization, barometry, and NMR 
measurements were completely automated. 

The measurements were made in the temperature range 1.3 — 2.0 K. The hep crystals under in- 
vestigation corresponded to the pressures 34 — 40 bar (V m = 20.3 — 20.0 cm 3 /mol), i.e. were grown 
from the normal liquid above the upper triple point (bcc-hcp-He I). The crystals were obtained by fast 
cooling along the melting curve at a rate of ~2 — 6 mK/s, which produced a large number of defects 
in the sample. Under such conditions the sample of solid helium contains also a large number of 



liquid-like inclusions that might be captured under crystallization (see Ref. II18I1 ). 

The times of nuclear magnetic relaxation and the spin diffusion coefficients were measured in the 
NMR experiments. The measurements were made at the frequenc y fy = 9.15 MHz using sequences 



of probe pulses (the Carr-Purcell (CP) method) 90° — T — 180° ll22h . where T is the time interval 
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Figure 1: (Color online) Schematic view of a NMR cell: 1 — cell cavity; 2 — NMR coil; 3 — 
pressure gauges (BeCu); 4 — fluoroplastic displacers; 5 — cell filling capillary; 6 — cell body (Cu); 
7 — cooling finger. 



between the pulses. 

The time of spin-spin relaxation T2 and the spin diffusion coefficient D were estimated by mea- 
suring the dependence of the relative echo-signal amplitude h/ho on the time interval x between the 
probe pulses. In the CP method, this dependence is 112211 : 



h_ 



I>< 



1 — exp 



At 



exp 



^L_2^ 3 2 

(72), r 



(1) 



where At is the time interval between the pulse sequences, G is the magnetic field gradient, (7i), is 
the time of spin-lattice relaxation in the i-th phase, (T2); is the time of spin- spin relaxation in the 
i-th phase, D ; and a, are the diffusion coefficient and the relative volume content of the i-th phase, 
respectively; 7 is the gyromagnetic ratio. T\, T2, and D can be found by varying the correspondent 
parameters in Eq. (OQ). The time of spin-lattice relaxation 7\ can be obtained from the dependence 
h/ho(At) on varying At, the other parameters being constant. The spin-spin relaxation time T2 can be 
obtained from the dependence h/ho(x) which is measured under the lowest magnetic field gradient (G 
is close to zero) on varying x and holding At constant. Finally, the diffusion coefficient D is derived 
from the dependence h/ho(x) under a non-zero magnetic field gradient with a invariable At. 

If the system contains several subsystems (coexisting phases), Eq. (OQ) gives a sum of the corre- 
sponding exponents and sought-for kinetic coefficients are obtainable from the analysis of the depen- 
dence obtained. The data obtained are reliable, which was proven by check NMR experiments in 
the single-phase regions of the mixture. They agree with available data for mixtures 1.94% 3 He for 
relaxation times 11231. 12411. 0.75% and 2. 17% 3 He for diffusion coefficients II25L 12611 taking into account 
the difference in the 3 He concentrations. 



3 Anomalous behavior of spin-spin relaxation time 



The analysis of T\-, T%-, and D- values shows that the parameter T% (spin-spin relaxation time) and 
D (diffusion coefficient) 11171 Il8il can provide much information necessary for identifying the phase 
structure of the sample. T2 can tell much about the changes of the intensity of the spin motion. 
Such information was used to investigate the properties of solid helium in II27L l28ll . According to 
the Bloembergen-Purcell-Pound (BPP) model Il29ll . the rate of spin-spin relaxation decreases as the 
intensity of the relative motion of nuclei with a non-zero magnetic moment ( 3 He nuclei) increases. 
This correlation between T2 and D was quite fully considered in [30]. On the other hand, when there 
is no additional strong magnetic effects (e.g. ferro- and diamagnetic impurities [31]) T2, unlike D, is 
independent of the shape and the size of fine-grained objects. It is therefore appropriate to discuss the 
results obtained beginning with the time Ti. 

The starting experimental dependences h/ho(z) taken on the same crystal in several states are 
illustrated in Fig.[2l The as-grown hep crystal obtained on cooling along the melting curve at the rate 
of ^5 mK/s is shown in Fig. [2^. The dependence h(x) has two slopes corresponding to two processes 
— fast relaxation with the time T2 = 36 ± 21 ms and slow relaxation with the time T2 = 362 ± 62 ms. 
T2 for the fast process measured at T = 1.7 K is in good agreement with the spin-spin relaxation time 
for a bulk liquid at P~~25 bar; in the case of the slow process this time corresponds to the hep phase. 
These data for the single-phase states of the investigatin g sy stem were obtained in special calibration 
experiments [18]. They support our previous conclusion M 1 VL 1 1 8M that metastable liquid-like inclusions 
are formed readily in fast grown crystals of solid helium. 
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Figure 2: (Color online) The dependence of 
the spin-echo amplitude on the time inter- 
val between probe pulses (G = 0) for differ- 
ent states of sample: a) as-grown fast-cooled 
sample, T = 1.7 K, P = 35 bar (At = 150 s); 
b) the same sample after isothermal 3 hour 
exposure (At = 100 s); c) the same sample af- 
ter annealing near the melting curve and sub- 
sequent cooling to T = 1.7 K (At = 100 s). 
Dashed lines — extrapolation of the depen- 
dence h/hO for each phase. 



An unexpected effect was observed in the course of NMR measurements when a fast grown sam- 



pie with metastable liquid-like inclusions was investigated for about three hours at T = 1.7 K. In this 
case the obtained dependence h/ho(%) is also a superposition of two exponents (Fig. Wp), where the 
time 72 for the hep phase is now 443 ± 51 ms (within the total experimental error it can be taken as 
practically unchanged). The time T2 for the fast process connected with the formation of liquid-like 
inclusions decreased by an order of magnitude and was 3.2 ± 3.0 ms. In all the cases this change in 
72 was rather fast: it occurred within one measurement run, i.e. no longer than At ~100 — 300 s. It is 
natural to assume that the liquid-like inclusions undergo some evolution or a phase transition in the 
hep matrix. 

The dependences processed by Eq. (OQ) (Figs. [2k and[2t>) show that the weighting factor a, for non- 
equilibrium inclusions (see Fig. [2})) is about three times higher than in the case of Fig. [2^ (estimation 
of OLi is detailed in Section H]). 
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Figure 3: (Color online) The temperature dependence of the spin- spin relaxation time Ti for: (green 
O) — metastable liquid-like inclusions [18], (red •) — metastable inclusions after their transition to 
a new state, (A) — time T2 for the hep phase in the presence of metastable inclusions. Dashed line 
— data for a single-phase hep sample at P~35 bar Ill8ll . dash-dot line — data for a bulk liquid at 
P-25 bar ifljl. 



Note that the dependence h{%) taken after thorough (~2 hours) annealing of the sample near the 
melting curve (T = 1 .95 K) and its subsequent cooling to T = 1 .7 K can be described by one exponent 
with ?2 = 350 ± 19 ms, which is characteristic of the hep phase at this temperature (see Fig. |2fc). This 
means that after annealing the non-equilibrium inclusions disappeared almost completely and the 
sample became a single-phase hep crystal. 

Similar results were also obtained at other temperatures (see Fig. [3]). Fig. [3] carries in addition 
the experimental data for the single-phase states of the system the liquid state and the hep phase (see 
Ref. IU8I1 ). In the liquid state T2 is practically temperature-independent (within the scatter of experi- 



mental data) in the region far from the degeneracy temperature. In the hep phase T2 decreases with 



lowering temperature and at T^l.5 K the ^-values of the crystal and the liquid almost coincide. The 
reason for this accidental coincidence is as follows: in the investigated temperature region the rate 
of spin- spin relaxation in the crystal is mainly determined by the concentration and the mobility of 
vacancies which intensify the motion of 3 He impurity atoms. According to the BPP theory [29], the 
influence of the magnetic fields of the neighboring nuclear spins is averaged more efficiently and the 
spin-spin relaxation slows down. The Arrhenius equation suggests that T2 decreases as the temper- 
ature of the crystal lowers. As a result, the contribution of the liquid-like inclusions is practically 
inseparable at T < 1.7 K. 

The 72-values measured after the transition of the liquid-like inclusions to a new state are shown 
in Fig. [3j They are over the order of magnitude lower than T2 of liquid-like inclusions. Note that the 
transition of liquid-like inclusions to a new state was observed in most of the investigated crystals 
with the delay time varying from half an hour to several hours. The process was spontaneous with no 
distinct correlation with temperature. 

4 Discussion 

The spin-spin relaxation time T2 has been analyzed quite thoroughly (see the previous section). Un- 
fortunately, the results obtained do not allow an unambiguous analysis of the spin-lattice relaxation 
time T\ . This is because T\ is measured under operation of two mechanisms of relaxation in the liquid 
phase: the true relaxation is connected with recovery of equilibrium magnetization over the sample 
volume; a wall relaxation is determined by non-controllable interaction between 3 He and the mag- 
netic impurities at the cell walls. Although the experiment revealed some change in T\ caused by 
the transition of the sample from the state with liquid-like inclusions to the new phase, an accurate 
quantitative analysis of the phase composition was problematic. Further experiments are therefore 
planned to investigate the behavior of the spin-lattice relaxation time in this system. 

The behavior of the diffusion coefficient D in samples grown on fast cooling is analyzed using 
the T-dependences of the spin echo-signal amplitude. These dependences are a superposition of two 
exponents II 171 . 1 1 811 — a slowly attenuating exponent and a fast attenuating one which correspond 
to the hep phase and the liquid-like inclusions, respectively. Note that the D-values measured for 



liquid-like inclusions are proportional to the rate of crystal growth 111811 . This suggest that the size of 
the metastable liquid drops captured in the process of crystallization is the smaller for the slower the 
crystallization rate. This may be due to a limited diffusion, like that usually observed when the size 
of liquid-like inclusions is comparable to the diffusion length \/D% (e.g., see Ref. [32]). In this case 
the coefficient D is dependent on the size of the inclusions, T being invariable. 

The situation changed as the liquid-like inclusions transformed into a new state, with anomalously 
short times T2. The echo- signal amplitudes has a wide scatter in data, which prohibited an accurate 
separation of the contribution made by the fast-diffusion process to the echo attenuation against the 
background of the hep phase diffusion. However, the obtained dependence /i/7io(t) could be de- 
scribed in terms of the slow-diffusion process typical of the hep phase. This means that all of the 
liquid-like inclusions changed into the new state and the fast diffusion process did not observed. Yet, 
in some experiments the signs of the fast diffusion process were seen against the background of a 
wide data scatter, which suggest that some liquid-like inclusions did not transform into the new state. 
We may thus conclude that the diffusion coefficient of the new state is either smaller than D of the 
hep phase or it is of the same order of magnitude. 

According to Eq. (OQ), correct estimation of the relative contribution of a, to the amplitudes of 
the echo-signal of the coexisting phases is possible if the time intervals At between the sequences of 
probe pulses in NMR measurement are several times longer than the maximum time of spin-lattice 
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relaxation in all phases, i.e. when magnetization is recovered completely. Only under this condition 
does the echo signal reach its maximum value. Assuming equal 3 He concentrations in the phases, we 
can obtain the weighing factor a, of the i-th phased Otherwise, magnetization of some phases can be 
recovered incomplete during NMR measurement because of the difference in the rates of spin-lattice 
relaxation in the phases, and this leads to a distortion of a,-values. This requirement is not always 
satisfied in real experiments because metastable inclusions evolve even during one run of D or Ti 
measurement. The obtained devalues are therefore rather approximate. The estimation performed 
for annealed hep samples using At and T\ shows that cu ; of metastable inclusions can be as high as 
-20-30%. 

The detected new phase is a long-living metastable state (see above) which disappears only after 
thorough annealing of the sample. Its properties differ from those of the hep phase and liquid. We 
believe that the most probable reason for the decrease in T2 of these inclusions is a transition of the 
liquid-like inclusions having higher diffusion coefficients to a new state with low D. The decrease in 
D of the liquid entails a reduction of the relaxation time T2 (see Section [3]). This situation is similar 
to solidification of a liquid without the crystal order, i.e. the transition to an amorphous or glass- 



like state. Previously 113311 the feasibility of formation of the amorphous phase in solid rare gases 
was found from heat capacity measurements on samples grown by condensation on a cold substrate. 
Unfortunately we are unaware of data on the relaxation time T2 and the diffusion coefficient D in 
amorphous helium, which makes the identification of the structure of the obtained phase somewhat 
uncertain. This assumption was however supported by precise measurements of pressure in solid 4 He 



samples grown on fast cooling rtlOTI . Apart from the phonon influence, an additional contribution to the 



pressure P g proportional to T 2 was observed, which occurs typically in a disordered (glassy) phase. 
Recently, an amorphous helium phase has also been registered in neutron diffraction experiments 



[34]. As follows from the structural factor analysis, liquid helium confined in a porous medium holds 
its liquid state to the pressure P~38 bar at T—0.4 K and then an amorphous phase forms when liquid 
helium solidifies. 

Crystallization of liquid-like inclusions generating a large number of dislocations can be another 
factor responsible for the lower ^-values. It is known that dislocations in crystals act as centers 
attracting impurities. In our case this attraction enriches the regions around dislocations in 3 He atoms. 
The increasing local 3 He concentration reduces the time of spin- spin relaxation in this region as 
T2 = 7.5 • 10 _5 /x (s), where x is the relative 3 He concentration IJ28I1 . This dependence describes 



satisfactory other authors results Il23l. l28l. l35h and closely agrees with the calculation according to the 
Torrey theory [3J 



There is one more scenario of a significant decrease in the time of nuclear magnetic relaxation 
113 ill . Within a limited geometry the relaxation processes accelerate significantly in the presence of 
magnetic impurities on the walls. In this experiment a limited geometry could be created by crystalline 
dendrites growing into the volume of the liquid-like inclusions [37], and the 3 He atoms possessing 



nuclear paramagnetism could act as magnetic impurities. However, according to the Curie Law, the 



influence of such impurities is essential at rather low temperatures [38, 39]. It was therefore hardly 
probable in this experiment. 

We also considered the possibility of the formation of bec inclusions (in the P — T phase diagram 
the bec phase is quite close to the solid helium region under investigation). However, T2 in the bec 



phase is about ~0. 1 — 1 s 114011 . which is one or two orders of magnitude higher than the times of new 
state. 

Note that in the course of investigation on as-grown rapidly quenched samples both the pressure 



'The difference in the 3 He concentration between crystalline and liquid phases is essential at temperatures below those 
used in this experiment. 
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gauges in the cell exhibited a long-duration (up to 20 h) monotonic growth of pressure at a constant 
temperature. The rate of the pressure growth increased with the temperature, which suggests the 
thermally activated origin of the effect. The effect is attributed to the pressure gradient in the rapidly 
quenched samples. The pressure did not increase in samples grown carefully and slowly during 
~0.5 — 1 h. The narrow areas in the displacers (see Fig.Q]) might considerably slow down the process 
of pressure equalizing. Therefore, we were unable to estimate pressure change due to annealing the 
metastable inclusions even having two pressure gauges. 

5 Conclusion 



The series of experiments in this study and Ref. Ill8h have shown that a disordered metastable long 



living phase is readily formed in fast-grown helium crystals. The new phase coexists with the equi- 
librium crystalline phase. The measured diffusion coefficient and the spin-spin relaxation time of 
this phase correspond at first to the values typical for the liquid phase. The size of the liquid-like 
inclusions is the larger if the growth rate of the crystal is higher. The liquid-like inclusions do not 
form in crystals grown on cooling along the melting curve at comparatively low rates. The liquid-like 
inclusion disappear after thorough annealing near the melting temperature. They form at the stage 
of the crystal growth, and their size and quantity can be controlled by varying the growth rate of the 
crystal. 

A new effect — a spontaneous transition of liquid-like inclusions to another state has been de- 
tected. The state has an anomalously short time of spin-spin relaxation unusual in both a crystal and 
a liquid. It is assumed that the new state is either an amorphous (glassy) phase or a crystal with a 
large number of dislocations. To identify the disordered phase definitely, further experimental inves- 
tigations are necessary, in particular by structural methods. 

In the context of the supersolid problem it is important to allow for the influence of the disordered 
phase on the properties of helium crystals. It is likely that the metastable disordered inclusions with 
very short times of spin-spin relaxation may be responsible for the anomalous phenomena in the 
region of supersolid. 

The authors are indebted to V.A. Maidanov, V.D. Natsik, A.I. Prokhvatilov, and D.A. Tayurskiy 
for useful discussions while preparing this paper. The study was supported by the Science and Tech- 
nology Center in Ukraine, Project #5211. 
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